The outer hair cell (OHC) is known to have the ability to change its length in response to voltage changes across its membrane. The apparent function of this OHC motility is to enhance the tuning of the basilar membrane. The model presented in this paper represents the displacement-to-voltage and voltage-to-displacement transducers of the OHC explicitly, each as low-pass filter functions. The model results show that this OHC representation is sufficient to provide a model of eochlear mechanics with mechanical tuning at the inner hair cell which is comparable to the threshold tuning curves observed in single auditory nerve fibers. The enhancement of tuning provided by OHC motility can be interpreted as the combined action of a cochlear amplifier and a second filter. This model demonstrates that realistic cochlear tuning does not require intrinsic resonance in any eochlear structure other than the basilar membrane.
INTRODUCTION
The cochlea is the principal heating organ of the mammalian auditory system. Sensory cells within the cochlea are arranged in rows which extend from one end of the cochlea to the other and are capable of detecting incredibly small (less than 1 nm) vibrations. These sensory cells are called "hair cells" because of tiny (1-/•m diameter) projections at one end, through which the cell is able to detect motion. There are two groups of hair cells: the inner hair
cells (IHC) and outer hair cells (OHC}. The role of the
IHCs is to send messages to the brain about the presence of acoustic vibrations at a specific place in the cochlea. The role of the OHCs is to influence these mechanical vibrations before they reach the IHCs.
Outer hair cells are cylindrically shaped and are known to be able to change their length in response to changes in the voltage across their cell membrane (e.g., Brownell et al., 1985; Santos-$acehi, 1989). In this paper, a model of cochlear mechanics is presented in which the motility of OHCs has a strong influence on the sharpness of both basilar membrane and IHC tuning. The present model is a refinement of earlier models of Kim (1983,1986 ) and incorporates recent information about OHC motility.
I. MODEL EQUATIONS
The cochlea is a long, narrow, fluid-filled tunnel which spirals through the temporal bone. This tunnel is divided along its length by a eochlear partition ( 
A. Macromechanics
To simplify the macromechanics, we divide the cochlea into a large number of thin slices cut perpendicular to the x axis. Since the cochlea is spiraled, these slices are referred to as radial cross sections {RCS). Each RCS has a thickness •, which may vary as a function of place. It is assumed (again for simplicity) that the RCSs are mechanically coupled to adjacent sections only through the fluid compartments (SV and ST); any longitudinal coupling directly through the CP is ignored (Viergever, 1978) . The fluid mechanics are typically reduced to one dimension assuming a long-wave approximation (e.g., Viergever and Diependaal, 1986) 
where p is the fluid density and At(x) is the "average" [Rn+ Y/(x--6) lP.r(x)= Yf(x--a)P/(x-•5).
The RCS at the basal boundary x=0 is attached to the middle-ear which is described in the next section. where y is simply a multiplier (normally set equal to I) used to demonstrate the effects of impaired OHC motility. The OHC gain function used in the model calculation is shown in Fig. 5 .
E. Inner hair cell
To simulate neural tuning, we must also calculate the displacement of the HB of the IHC. It is assumed that the HB is not in contact with the TM and is displaced by fluid drag. Consequently, the HB displacement is proportional to fluid displacement at high frequencies and proportional to fluid velocity at low frequencies. The transition frequency will be denoted by It is also assumed that the shearing displacement be- The observed effect of a being nonzero is that it causes the "tails" of the tuning curves to differ between IHCs and OHCs.
II. MODEL RESULTS
Model parameters were chosen primarily so that the IHC hair bundle displacement •i exhibited tuning similar to that observed in single auditory nerve fibers in cat. It was also required that the model results show reasonable agreement with cochlear input impedance, BM displacement, and OHC receptor potential.
The values of the chosen model parameters which vary with x are listed in Table I 
B. Neural tuning curves
The most important result presented in this paper is that a cochlear model with plausible OHC transducer characteristics is able to simulate the tuning of neural threshold tuning curves, as shown in Fig. 8 
III. DISCUSSION
The main purpose of this modeling effort is to provide a framework for understanding cochlear mechanics. The present model does not provide a completely realistic explanation for how the cochlea works. Some of the strengths and weaknesses of the model are discussed in this section.
n. Strengths
The cochlear model presented in this paper goes further than any previous model in relating plausible OHC transducer characteristics to neural threshold tuning. The principal differences between the model described in this paper and the model of Neely and Kim (1986) The cochlear model described in this paper builds on the works of others. It places active elements near the sensory detectors, as suggested by Gold (1948) . It provides a negative feedback loop which influences BM motion, as suggested by Mountain et al. (1988) . It sets up a regiofi of "negative damping" which acts as a traveling-wave amplitier, as suggested by Kim et al. (1980) . And it includes a second-filter with a prominent "spectral zero" as suggested by Allen. The present model is unique in combining these ideas in a single model and in representing "active elements" explicitly in terms of OHC transducer functions.
Model parameters tend to be more sensitive to small changes in active models than in passive models because the most sensitive model conditions are often on the verge of instability. The present model has the advantage of less sensitivity to small changes in model parameters when tompared to previous models described by Kim (1983, 1986) The distinction between •o and • in the present model was made, primarily, to simulate the "tail" of the neural threshold tuning curve. The low-frequency response was attenuated too much by the OHC contraction. The definition of •i was made in order to obtain a response which was not attenuated as much at low frequencies. One interpretation of the parameter a being nonzero is that the RL bends slightly at its attachment to the rigid pillar cells. Another possibility is that the OHC gain function in the present model is too large at low frequencies.
Many features of the cochlear model are, in various ways, oversimplified and might be represented in more detail in a more complete model. There is always a trade-off in models between complexity and completeness. In partitular, the fluid mechanics and OHC transducer functions are probably inadequately represented. However, the present model does appear to demonstrate the basic function of the OHC, BM, and TM in an appropriate way and, consequently, provides considerable insight into how these elements function together in the cochlea. Furthermore, the OHC gain function shown in Fig. 5 provides a specific example of OHC characteristics that would be sufficient to implement the proposed cochlear amplifier in the context of the eochlear model presented here.
IV. CONCLUSIONS
The cochlear model presented in this paper suggests that OHCs are primarily responsible for the sharp tuning observed in coehlear mechanics. The OHC is modeled by explicit transducer characteristics which have only lowpass tuning in isolation, but acquire bandpass tuning when placed in the cochlea. The enhancement of tuning is due to a mechanical feedback loop established within the cochlear partition in which contraction of the OHC directly influences displacement of the OHC hair bundles. At low frequencies, OHC contraction is in-phase with BM displacement toward scala vestibuli and, therefore, suppresses the shearing between TM and RL. As the frequency approaches CF, OHC contraction lags behind BM displacement. When OHC contraction becomes in-phase with BM displacement toward scala tympani, it adds to the shearing between TM and RL. In this way, OHC motility amplifies the vibration of the BM and, at the same time, sharpens the tuning of the mechanical vibrations delivered to the inner hair cells.
